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Abstract
Bee pollinators are an important guild delivering a fundamental input to European agriculture due to the ecological service
they provide to crops in addition to the direct economic revenues from apiculture. Bee populations are declining in Europe
as a result of the effects of several environmental stressors, both natural and of anthropic origin. Efforts are ongoing in the
European Union (EU) to improve monitoring and management of pollinator populations to arrest further declines. Genetically
modified (GM) crops are currently cultivated in a limited area in Europe, and an environmental risk assessment (ERA) is required
prior to their authorization for cultivation. The possible impacts of GM crops on pollinators are deemed relevant for the ERA.
Existing ecotoxicological studies indicate that traits currently expressed in insect-resistant GM plants are unlikely to represent
a risk for pollinators. However, newmechanisms of insect resistance are being introduced into GM plants, including novel com-
binations of Cry toxins and double strand RNA (dsRNA), and an ERA is required to consider lethal and sublethal effects of these
new products on nontarget species, including insect pollinators. The evaluation of indirect effects linked to the changes inman-
agement practices (e.g. for herbicide-tolerant GM crops) is an important component of EU regulations and a requirement for
ERA. This paper reviews current approaches used to test the sensitivity of pollinators to GM plants and their products to deter-
mine whether sufficient data are being provided on novel GM plants to satisfy EU risk assessment requirements.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
Apiculture in Europe has a long tradition based on the production
of honey for consumption and, although commercial activities
have become more important, a high proportion of amateur bee-
keepers are still actively rearing honey bee colonies. In 2019, 18.5
million colonies were maintained in the European Union (EU) by
650 000 beekeepers (https://ec.europa.eu/info/sites/info/files/
food-farming-fisheries/animals_and_animal_products/
presentations/market-presentation-honey_en.pdf). The overall
gross production of honey in the EU in 2019 was c. 240 000 t.
In addition to the production of honey and other beehive prod-
ucts (royal jelly, propolis, wax) the main socio-economic and envi-
ronmental benefits produced by honeybees is pollination of
cropped and wild plants. Together with several other insect taxa
(and some bats and birds), pollination is considered a valuable
ecosystem service1 and it is endorsed as an important protection
goal by several European regulatory bodies. Therefore, pollina-
tion, bee diversity and provisioning of food (honey and other bee-
hive products for honeybees) were identified as ecosystem
services to be protected.2 According to Gallai et al.3 the produc-
tion of 80% of the 264 crop species cultivated in the EU depends
directly on the activity of insect pollinators (among which social
bees and solitary bees are the most abundant), and the economic
value of insect pollination services is estimated to be €14 billion
per year.4 The estimate of the economic value of pollination
services in natural ecosystems is more difficult to establish, but
there are well-known reports of many cases of populations of wild
plant species declining due to the diminished number of pollina-
tors active in an area.5,6 Indeed, specific protection goals have also
been proposed for wild bees (i.e. bumblebees and solitary bees).
However, because data on mortality rates is scarce and it is not
possible to clearly define the magnitude of effects based on back-
ground mortality, their definition remains a challenge.7
Pollinators are declining in many regions of the world8–10 and
Europe is by nomeans an exception.10,11 Data collection in Europe
is fragmented, but evidence of decline has been collected in some
countries for honeybees11 and bumblebees.12,13
A great number of studies have addressed the possible causes
of pollinator decline,9,12 moreover estimates concerning the
future effect of climate change on biodiversity indicate alarming
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consequences.14 Diminished abundance and diversity of floral
resources, exposure to agrochemicals, the action of parasites
(e.g. Varroa destructor, Nosema spp.) and change of climate and
land use are considered the main drivers of pollinator decline.10
Moreover, there is data showing that in nature stressors do not
act in isolation.12 A major potential cause of decline is considered
to be the interaction between environmental stressors, particu-
larly between exposure to pesticides and pathogens.15 For
instance, sublethal effects caused by pesticides can damage
detoxification mechanisms and weaken immune responses in
bees,16 which could then become more susceptible to parasites.
This cascade effect, however, has so far only been observed at
very high doses of toxicants.17
Given the relevant ecological and economic value of pollinators
and pollination services in agriculture and nature conservation,
protection of pollinating species has become a widely recognized
issue. In this respect, many areas of Europe are considered to have
higher risk of pollinator decline,9 and therefore management
measures are urgently needed. Dicks et al.18 proposed 10 possible
policies to safeguard pollination services and suggested including
the evaluation of direct, indirect and sublethal effects on pollina-
tors in genetically modified (GM) crop risk assessments. More spe-
cifically, the authors stated that ‘GM crops pose potential risks to
pollinators through poorly understood sub-lethal and indirect
effects’ and indicated as an example of such lack of information
the case of herbicide-tolerant (HT) GM crops which could impair
pollinators' possibilities of finding food sources with possible con-
sequences at population and landscape scale. The authors further
clarified that for both pesticides and GM crops, indirect effects
should be considered during risk assessment, for instance by
examining what changes to agricultural management arise from
the adoption of these products in farming practices.19
Following this line of thought, in 2018 the Conference of the
parties to the Convention on Biological Diversity adopted a deci-
sion on the conservation and sustainable use of pollinators
(https://www.cbd.int/doc/decisions/cop-14/cop-14-dec-06-en.pdf).
The document urges the parties to ‘develop, enhance and imple-
ment on a regular basis risk assessment procedures for pesticides,
pesticide-coated seeds and living modified organisms to take into
account possible impacts and cumulative effects, including sub-
lethal and indirect effects, on wild and managed pollinators.’
The aim of this review is to illustrate the main pillars of environ-
mental risk assessment (ERA) for GM plants concerning pollinators
in the EU according to the guidelines of the European Food Safety
Authority (EFSA)20 and underline if the current ERA approach for
GM plants and pollinators adequately addresses safety concerns.
We then summarize the most relevant evidence earned during
many years of biosafety studies on pollinators and GM crops,
including newly obtained GM events whose commercialization
is expected to increase in the next few years.
2 ERA FOR POLLINATORS IN THE EFSA
GUIDANCE DOCUMENT
The EFSA guidance document (GD) on the ERA of GM plants20
provides directions for assessing potential effects of GM plants
on the environment and the rationale for data requirements.
Among the seven specific areas of concern considered in the
GD, the interactions of the GM plant with nontarget organisms
(NTOs) need to be evaluated by estimating potential hazards for
each specific GM event and the expected exposure for selected
categories of NTOs. As a first step in selecting focal species to start
the assessment, it is necessary to identify the ecosystem functions
and services provided in the agro-ecosystem and the guild of spe-
cies involved. Pollination is considered in the GD to be an essential
ecosystem service, and the potential impacts of the cultivation of
a GM plant should be assessed. The first step of the process
requires that within each ecosystem function identified, the main
species in each functional group should be listed, considering the
GM plant and the organisms associated in its receiving
environment(s). From the main list of species, applicants should
then prioritize NTOs from each relevant functional group accord-
ing to ecological criteria and practicability of laboratory and field
experiments for hazard characterization. Once these focal species
have been selected, measurement endpoints for assessing
adverse effects need to be indicated. Both lethal and sublethal
effects are considered relevant in the assessment of a possible
hazard for a given NTO. Testing for sublethal effects is important
since it can also give indications of possible long-term effects of
the stressor. It is therefore required that NTO tests consider both
toxic effects (short-term mortality, longevity) and sublethal
effects. The GD indicates that sublethal effects can be assessed
through growth, development and reproduction parameters.
Moreover, the phenotypic characteristics of GM plants need to
be reported, describing their interactions with NTOs in the envi-
ronment (e.g. as support of the food web).
In addition to the safeguarding of service-providing NTOs, the
EFSA GD also indicates the need to consider other existing protec-
tion goals, such as biodiversity conservation. In this respect, spe-
cies of cultural/conservation importance may need to be
selected on a case-by-case basis. This indicates that, in addition
to the most relevant species providing pollination services
(e.g. honeybees, bumblebees, mason bees), in some receiving
environments other pollinating species might become the sub-
ject of specific ERAs.
The EU legislation for the introduction of GM plants contains a
requirement to assess the environmental impacts of the specific
cultivation and management of GM plants. In the case of GM HT
plants, this means evaluating the environmental impacts of the
specific cultivation practices, including the change in herbicide
use associated with these plants, along with the environmental
impacts directly associated with the GM plant itself.
The specific changes in farming practices linked to the use of HT
plants are discussed at length in the EFSA GD and it is specifically
indicated that the ERA should consider whether uses of the herbi-
cide could result in reductions in biodiversity leading to environ-
mental damage.
Previously, the environmental impacts of changes in the herbi-
cide management of GM HT crops were governed by
EC2001/18, and therefore the EFSA GMO panel and the GMO
authorities of EU Member States conducted risk assessments.
Since March 2018, the direct and indirect effects of herbicide
use on GM HT crops have been assessed under directive EU
2018/35 for plant protection products.
Currently, the EFSA GD does not address directly the issue of
combined stressors on bees. However, EFSA has produced spe-
cific documents to consolidate the transition towards an inte-
grated ERA of multiple stressors on bees as a framework for the
ERA of these pollinators relevant for different types of environ-
mental stressors.7,21 Knowledge gaps have been identified in this
area, and efforts are ongoing to define research needs to improve
both exposure assessment and hazard characterization for multi-
ple stressors acting on bees. Twomain activities are currently con-
ducted in Europe with the aim of increasing available data on
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exposure of honeybees to pathogens and pesticides, and review-
ing the scientific literature on interactions between various stress
factors. Under the umbrella of a EU Bee Partnership, initiatives are
ongoing for harmonizing data collection, sharing and proces-
sing.22 Based on an updated database, specific protocols will need
to be developed to refine risk assessment in more realistic scenar-
ios. The overall risk analysis will need the support of population
dynamics and predictive modelling approaches taking into
account co-exposures and cumulative/synergistic interactions
between stressors in bees.
3 DATA SUPPORTING ERA OF
POLLINATORS IN GM CROPS
The issue of the possible impacts of GM plants on pollinators has
been the subject of several studies, with a majority addressing
the possible effects on honeybees of Bacillus thuringiensis (Bt)-
derived Cry toxins, which are currently expressed in a large propor-
tion of the GM crops cultivated worldwide.23 GM plants expressing
a wide range of pathogen and virus resistances have been pro-
duced, although risk assessment for these GM events has focused
mostly on different nontarget taxa, especially soil microorgan-
isms.24,25 In the EU the only authorized GM crop in cultivation is
the MON810 maize, which expresses a Cry1Ab toxin targeting
two lepidopteran pests, Ostrinia nubilalis and Sesamia nonagroides.
In 2019, MON810 was cultivated mostly in Spain (107 127 ha),
where MON 810 maize represents c. 35% of the total maize area.
The adoption rate of this Bt maize in some regions with a high inci-
dence of corn borer infestations (e.g. Aragon, Catalonia) can be
higher than 60%. Mon810 in 2019 was also cultivated in Portugal
(4718 ha), accounting for c. 10% of the total area cropped with
maize.26 This paper focuses on the main GM traits that are most
likely to produce direct or indirect hazards for pollinators, although
it is stressed that in all cases risk assessment needs to consider
impacts on nontarget species exposed to GM plants.
3.1 Exposure of pollinator bees to maize pollen in field
conditions
Field studies regarding the activity of pollinators in GM agroeco-
systems have mostly been conducted to evaluate the potential
for gene flow and consequent possible introgression of the trans-
gene into relatives. However, possible exposure of pollinators to
newly expressed proteins/molecules in pollen or nectar is an
important issue, particularly when insecticidal proteins/molecules
are expressed.
Maize pollen expressing Cry1Ab toxin can be collected by for-
agers, stored in the hive and consumed by both adult and imma-
ture honeybees,27 providing the main exposure route for bees via
direct feeding. Odoux et al.28 performed a field study to investi-
gate the flower range exploited in an agrarian environment in
western France. Their palynological analyses showed the impor-
tance of maize among crop pollens. Danner et al.29 conducted
field observations in northern Bavaria, Germany, at a landscape
scale. During maize flowering, observation hives were rotated
between 11 different landscapes, which covered a gradient from
low to high maize acreage. The authors observed intracolonial
dance communication to gather information about the location
of utilized pollen resources. A higher frequency of dances was
detected for foraging locations onmaize fields compared to other
land use types, indicating that maize was an intensively used pol-
len resource for honeybee colonies in summer when other pollen
resources become scarce. The proportion of grassland area
providing alternative pollen sources did not reduce the percent-
age of maize pollen foragers. Maize plants release pollen for up
to 3–4+ weeks in long day length situations. In some parts of
Europe maize flowers in the ‘summer gap’ (e.g. the ‘June gap’ in
the UK) when few other plants are flowering and then it provides
an important source of pollen. This importance/significance varies
with climates/seasons andmay shift in relation to climate change.
However, a study on pollen consumption conducted with field
cages30 containing only flowering maize plants discovered that
the amounts of maize pollen detected in fully grown bee larvae
constituted only a small part (c. 5%) of the total amount of protein
necessary for a complete larval development.
During the activities of the EU-funded AMIGA project, a compar-
ative study of pollen samples was conducted by collecting every
2 h from a bumblebee and a honeybee colony placed in the same
landscape in Germany using pollen traps developed by Würzburg
University. Honeybees collected more maize pollen, and when
investigating the diversity of pollen food sources using the Simp-
son index, the bumblebee Bombus terrestris reached on average
higher values, which might be due to their lower flower constancy
(Fig. 1). All these results confirm that maize is a highly relevant pol-
len source for honeybee colonies, which may be actively collecting
maize pollen during the flowering season in different landscapes.
3.2 Possible hazard of Cry toxins to pollinators
Experience with cultivation of Bt crops for more than two decades
has enabled the collection of relevant information on this pest
management approach. GM crops may indirectly provide benefits
to NTOs due to reductions in pesticide use. The global insecticide
savings from using insect-resistant GM maize and cotton in 2016
were 8.7 million kg (−82% of insecticides) in maize and 18.9 million
kg (−56% of all insecticides) in cotton of active ingredient use.31
Cry toxins currently expressed in GM crops have a spectrum of
activity generally limited to a single insect order, though cross-
activity has been demonstrated for some of them, e.g. Cry1Ac,
Cry3Aa and Vip1A/Vip2A.32 The only Bt toxin known to be specif-
ically active against Hymenoptera is Cry5,33,34 but currently no GM
plants expressing this toxin have been produced.
The scientific opinion issued by the EFSA GMO panel which sup-
ported the renewal of the permit for cultivation of MON810maize
in the EUmade a specific assessment of potential risks for pollinat-
ing species and concluded that the likelihood of adverse effects
on honeybees caused by the cultivation of maize MON810 is
expected to be very low.35 To produce this positive opinion the
GMO panel reviewed existing literature available at that time.
Duan et al.36 used the approach of a meta-analysis considering
25 independent laboratory studies in which Cry1, Cry2, Cry3 or
Cry9 classes were tested on honeybees and concluded that these
Cry toxins do not negatively affect the survival of either honey bee
larvae or adults in laboratory settings. The authors, however,
Figure 1. Diversity of pollen origin collected by honeybees (Apis mellifera)
and bumblebees (Bombus terrestris) in field experiments in Germany (data
from AMIGA project, http://www.amiga.enea.it/web/wp-content/uploads/
Deliverables/D6.2.pdf).
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highlighted a knowledge gap, as the studies used in the review
did not consider possible interactions of the ingestion of the toxin
with other environmental stressors. Malone and Burgess37
included in a further review experiments conducted with bees
in (semi)field conditions and reported that insecticidal traits used
in commercially available GM crops (Cry and Vip toxins) did not
induce any deleterious effects on pollinators. Indeed, the only
molecules that caused adverse effects in laboratory experiments
were some serine protease inhibitors and the snowdrop lectins,
none of which has been used in commercial GM plants, mainly
due to their effects on a wider range of nontarget species.
Babendreier et al.38 observed specifically the hypopharyngeal
gland development in honeybees, considered an important indi-
cator of bee life history. No negative effects were identified after
feeding young adult bees for 10 days with Bt maize pollen expres-
sing Cry1Ab protein or with purified Cry1Ab protein solubilized in
sugar solutions.
More recent studies were conducted in Germany by Hen-
driksma et al.39 exposing honeybee colonies in flight cages to pol-
len from GM maize expressing three different insecticidal Cry
proteins (Cry1A.105, Cry2Ab2 and Cry3Bb1 in the GM maize
hybrid MON 89034 × MON 88017). The consumption of Bt maize
pollen had no effect on the survival rate, body weight and rates of
pollen digestion of nurse bees compared to those foraging on
conventional maize varieties. The authors also considered addi-
tional endpoints, and found that more than 98% of the recombi-
nant proteins were degraded in the gut of the insects. In
addition, bacterial population sizes in the gut were not affected
by the genetic modification.40 Han et al.41 examined behavioral
responses of NTOs, including pollinators, when exposed to GM
plants. The authors indicated that behavioral effects of GM crops
on arthropod pollinators were relatively limited. Results were
quite variable among the different studies reviewed by the
authors, who claimed that more studies are required to better
understand the ecological relevance of these results.
Although insect-resistant crops based on the expression of Bt-
derived proteins have remained effective against most pest popu-
lations after many years of commercial cultivation, cases of resis-
tance with consequent increased damage to Bt crops have been
reported in some populations of major target insect pests.42–44
GM maize MON 863 harboring the Cry3Bb1 toxin was developed
with the aim of controlling soil-dwelling larvae of the western
corn rootworm Diabrotica virgifera virgifera.45 However, this pest
quickly developed resistance to the cry3Bb toxin, probably due
to the low levels of expression in some maize root tissues,46 trig-
gering the need for additional control measures.
3.3 GM plants expressing dsRNA
There is considerable literature on the effects of Cry and related
toxins on a wide range of insect species. More recently, plants
expressing double strand RNA (dsRNA) for pest and disease resis-
tance, and to change plant physiology, composition and metabo-
lism, have been produced. One of the most appealing aspects of
this toxic mechanism for controlling agricultural pests is the
potentially very high selectivity of the newly expressed molecules
in GM plants, since they can be specifically designed to silence a
selected gene by coupling to a short (c. 20–25 nucleotides)
sequence of the target gene. The use of dsRNA in GM plants is
therefore expected to have little or no activity in NTOs. However,
some examples of adverse effects on nontarget insects have been
reported in laboratory conditions.47,48 This pest control approach
is based on a completely newmechanism of action against target
organisms, therefore information on the possible nontarget and
off-target effects needs to be proactively collected.49 This paper
considers potential hazards and their risk assessment in more
detail.
The RNA interference (RNAi) mechanism was discovered as a
natural defense mechanism in the nematode Caenorhabditis
elegans,50 and more recent research has identified the genetics
of essential physiological and metabolic functions of RNAi in a
range of insect pests.51 RNAi efficiency in insects is characterized
by a remarkable variability between taxa. Certain coleopteran
species, includingD. virgifera virgifera, are known to be highly sen-
sitive to dsRNA on ingestion. Some of these dsRNAs have now
been introduced into plants to confer protection against the tar-
geted pest. The first available commercial application is a maize
conferring resistance to the western corn rootworm D. virgifera
virgifera and the northern corn rootworm Diabrotica barberi
through silencing of the Snf7 gene.52 The SmartStax PRO hybrid
maize targets Coleoptera pests through the expression of several
Bt-derived toxins (Cry3Bb1, Cry34Ab1/Cry35Ab1) together with
the dsRNA aimed at silencing the DvSnf7 gene. The multiple
toxins approach should guarantee a higher toxicity against
D. virgifera virgifera and at the same time provide more lasting
insect resistance features.
Insects feeding on dsRNA expressing GM plants will ingest the
dsRNA, resulting in exposure to the dsRNA in their gut, if it is not
inactivated in the gastrointestinal tract. Moreover, on ingestion,
dsRNA may also be systemically transported to other organs so
that genes expressed in these organs are also RNAi targets. Differ-
ent molecular and physiological aspects are involved in cases of
nontarget or off-target effects (e.g. homology of nucleotide
sequences, need for matches of more than 19 mer with nontarget
genes, etc.).51 It is therefore paramount the design of appropriate
dsRNA sequences as a first step for ensuring the biosafety of a
specific RNAi approach.
Honeybees have been used as surrogate species during ERA of
different dsRNA. During the development of the MON 87411
maize, Bachman et al.53 evaluated the possible ecological risks
of this GM event harboring a dsRNA targeting the DvSnf7 gene.
A number of NTOs representative of themain ecological functions
in the maize agro-ecosystems were selected for testing, including
honeybees (A. mellifera). Two- or 3-day-old larvae were fedwith an
artificial diet containing 1000 ng of dsRNA per gram of diet for
17 days. The same diet was offered to 1- or 2-day-old adults for
14 days. At the end of the tests, no differences in survival of either
larvae or adults, in comparison with the control specimen, were
detected. For immatures, additional endpoints were measured
(time to adult emergence, percentage of capped brood) and
again no differences were recorded. Concentration of dsRNA in
pollen ranged between 0.056 × 10−3 and 0.224 × 10−3 μg g−1 of
fresh weight tissue, therefore the authors considered the labora-
tory bioassays with very high doses of dsRNA as a reliable stress
test. Similar outcomes were obtained by Chen et al.,54 who inves-
tigated the effects of dsRNA targeting rpl19 gene from Bactrocera
dorsalis. dsRNA was supplied via feeding on a honey-based artifi-
cial diet to adult bees at concentrations of 500 and 1000 ng μL−1
of a liquid diet for 6 h. While A. mellifera-specific dsRNA was
ingested, gene expression was reduced by 76% at the higher dose
and by 50% at the low dose. On the contrary, when B. dorsalis-
specific dsRNA was fed to honeybees no effects on the expression
of the target gene were detected.
This lack of sensitivity of honeybees to dsRNA was confirmed in
another experiment conducted by Garbian et al.,55 who
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investigated bidirectional transfer of dsRNA between honeybees
and the parasite spider mite, Varroa destructor. A dsRNA targeting
V. destructor was supplied to a bee colony, which was then
infested with Varroa mites. After this treatment, the population
of the parasite was reduced while the bee colony did not suffer
any adverse effects. This experiment demonstrated that move-
ment of dsRNA along the food chain did not impair biological
activity of dsRNA, and that honeybees proved to be quite insensi-
tive to this dsRNA on ingestion. This particular example indicated
a possible beneficial use of dsRNA for beekeepers, for controlling
Varroa destructor infestations.
Unlike the case of Bt-expressing GM plants, most of the relevant
knowledge for biosafety purposes is currently based on the single
case of MON 87411. For instance, for estimating the exposure to
pollinators and flower visitors, an important parameter is the
expression of dsRNA in pollen tissues, which has not been mea-
sured in other GM events. Further insight on how dsRNA is stabi-
lized and consequences thereof would also be needed. The
availability of the full genome of A. mellifera and two bumblebee
species56 may facilitate the design of dsRNA-targeting genes not
present in the genome of bees, limiting the possibility of nontar-
get silencing.
3.4 HT GM plants
A range of other traits has been expressed in GM plants and these
events are subject to the same assessment during their authoriza-
tion procedure for cultivation. GM plants tolerant to herbicides
are assessed for indirect effects on biodiversity via changes in
management practices, including changes in herbicide regime.
In relation to pollinating insects, the risk scenario comes from
the consideration that the change in herbicide use may change
or reduce the botanical diversity in treated fields and hence the
availability of nectar and/or pollen. The diversity of weeds in
and around cropped fields provides important resources for polli-
nators in areas of intensive land management, therefore signifi-
cant changes in weed management can have impacts on
pollinator activity and success in these landscapes.57 The largest
field experiment conducted in Europe addressing this question
was the farm-scale evaluation in the UK,58 which demonstrated
that changes in weed management may indeed affect biodiver-
sity (flora and fauna) in and around fields. In detail, Hawes
et al.59 reported that numbers of pollinators (including bees, but-
terflies and moths) tended to be lower in fields with GM HT sugar
beet and spring oilseed rape, while they were slightly more abun-
dant in HT maize. The extent of these differences was variable
along the cropping season. When detailed analyses of the field
experiments were referred to each taxonomic group and the
three different crops used in the trials (maize and oilseed rape
varieties tolerant to glufosinate-ammonium and sugar beet toler-
ant to glyphosate), it was concluded that the most significant
effects were observed on bees (particularly honeybees) foraging
in GM HT beet.60 Since beets were not flowering, the effect might
be attributed to the difference in flowering weeds present in
cropped areas and their margins. These field studies overall dem-
onstrated that results might be different case by case and that
local management practices and agronomic conditions are
expected to be relevant drivers toward possible harm. To this
aim, Bürger et al.61 used a spatially explicit simulation model to
estimate the effects of the introduction of Bt maize and HT maize
cultivation into different agrarian landscapes in France (Aquitaine)
and Spain (Catalonia). The model allows quantification of the
effects of cropping systems on weed dynamics as well as
indicators of weed-related biodiversity (i.e. species richness and
equitability, trophic resources for birds, insects and specifically
pollinators). Eleven most probable scenarios (three Bt and eight
HT) were simulated over a time span of 28 years for each of the
two regions, and repeated with 10 different regional random
weather series. Resources for pollinators are determined in the
model, i.e. weed flower density from March to November,
weighted by the relevance of the plant species as food source
for honeybees. The results of the simulations clearly indicate that
the availability of food for bees is expected to be affected substan-
tially in Catalonia with the introduction of HT maize, while consid-
ering local conditions only slight changes could be expected in
Aquitaine (Table 1). The expected negative impacts will be exacer-
bated when the shift to HT varieties is accompanied by changes in
agronomic practices (i.e. simplified rotation, maize monoculture).
These consequences are also induced by changes in rotation or
tillage in the cropping systems, made possible by the GM HT vari-
eties, in addition to changes associated with the herbicide (glyph-
osate) treatments themselves. The changes in weed-related
biodiversity are different between regions, and the results can
thus not be simply extrapolated to other maize-growing regions.
These simulations are in line with the outcomes of the farm-scale
evaluation, with the additional value of a larger analysis of differ-
ent scenarios and different possible cropping practices over a lon-
ger time series.
In its opinion on the first GM HT crop assessed for cultivation in
the EU,62 the EFSA GMO panel stated ‘… the potential environ-
mental impacts of the specific cultivation, management and har-
vesting techniques of maize NK603 are indirect effects entirely
associated with the use of the complimentary herbicide regimes’.
Thus, the EFSA GMO panel concludes that maize NK603 plants are
unlikely to cause any direct adverse effects, but that potential
adverse environmental effects of the cultivation of maize NK603
associated with the use of the complimentary glyphosate herbi-
cide have been identified. The EFSA GMO panel recommends that
the potential adverse effects of the glyphosate should be evalu-
ated for the specific use on maize NK603 during the national reg-
istration by Member States. Thus, EFSA makes it clear that the
changes in management associated with this GM HT maize could
Table 1. Impact of switching from control to GM HT cultivars and
associated practice changes on availability of bee food
Availability of food for bees (no unit,
[0, +∞[)
Farm practice Catalonia (ES) Aquitaine (FR)
Control 1.24 0.63
Impact of change in practices relatively to control
Switch to HT maize −0.03 ns −0.04 ns
Simplified rotation −0.35 +0.04
Maize monoculture −0.58 −0.36
No plough −0.84 −0.20
No till +0.46 +1.01
Earlier sowing +0.54 +1.03
Winter catch crop +0.46 +0.18
ES, Spain; FR, France; ns, not significant.
Numbers indicate the effect (±) as compared to control scenarios
(conventional maize). Modified after Bürger et al.61
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cause environmental harm and this could include changes in flora
and effects on NTOs linked to this flora.
A range of mitigation measures and agricultural practices have
been developed for improving the biodiversity of farming systems.
In the UK, Pidgeon et al.63 showed that various measures could be
adopted to maintain or increase botanical diversity in farming sys-
tems. Drossart and Gérard64 described measures that can be used
to support insect pollinator populations, specifically bees. Measures
include increasing crop diversity, growing wildflower mixtures and
uncultivated refuge areas, and reducing pesticide exposure by spe-
cific targeting and timing of pesticide applications.
4 CONSIDERATIONS FOR ERA OF GM
CROPS FOR POLLINATORS
The EFSA GD on ERA of GM plants requires that environmental pro-
tection goals, including the protection of ecological functions and
the species which provide them, should be duly considered in the
ERA.20 Thus in the EU, pollinators are one of the taxa for which an
ERA for GM plants should be conducted. Particular attention is sug-
gested for selecting measurement endpoints that enable sublethal
as well as lethal, and chronic aswell as acute effects to be addressed.
To this end, the AMIGA project developed several protocols to
make the EFSA GD practically applicable for ERA. In the area of
pollinators, efforts were devoted to creating easily reproducible
experimental setups for hazard characterization39,65 and expo-
sure assessment.29 Validated protocols are available for fieldmon-
itoring in newly cultivated regions that may be used to evaluate
the ecological function of pollination under field conditions at
landscape level.66,67
Protocols for measuring pollination service are recommended
for establishing baseline data and for estimating possible impacts
of GM cultivation both in experimental conditions and in a com-
mercial phase (during post market environmental monitoring).
These methods proved to be effective and amenable to use with
the support of basic taxonomic expertise, supporting the value of
the ERA GD approach to assess environmental impacts of GM
plants on pollinators.
5 FUTURE PERSPECTIVES
The ongoing decline of populations of pollinators inmany regions
is amajor threat to nature conservation but also to the sustainabil-
ity of human managed landscapes where agriculture is a domi-
nant factor.68 The maintenance of ecosystem services is deemed
fundamental in this effort of strengthening the sustainability of
agriculture while maintaining levels of primary production in view
of a growing human population.
The spread of the so-called CCD in the USA and the colony
losses over winter reported in Europe has triggered governments
to implement measures aimed at ensuring pollinator conserva-
tion in natural and human-managed landscapes. Halting and
reversing the decline of pollinators in Europe is considered one
of the key elements of the EU biodiversity strategy for 2030, one
of the pillars of the European Green Deal (https://ec.europa.eu/
info/strategy/priorities-2019-2024/european-green-deal_en),
which aims to make Europe the first climate-neutral continent. A
recent executive decision (UE 2019/974) has increased the sup-
port to the apicultural sector by additional 12 million euros (10%
increase in the available budget for 2020–2022). This action
comes from the consideration that apiculture constitutes a funda-
mental part of the EU agrifood sector, as it contributes to
employment in rural areas and because bees are essential for
the sustainability of agriculture and ecosystems.
As indicated above, the only GM crop authorized in Europe is
the insect-resistant maize MON810, which is currently cultivated
only in the Iberian peninsula (Spain and Portugal) and the situa-
tion is not expected to change in the near future. However, in
other geographic areas the majority of commodity crops such as
soybean, canola, maize and cotton are GM plants.23
Most of the existing research on the safety of GM crops for pol-
linators has been focused on honeybees or bumblebees as focal
species; existing evidence from scientific literature and two
decades of cultivation of GM crops support the belief that there
are no negative effects of currently cultivated insect-resistant
GM crops for insect pollination services. An interesting option is
the possible use of the newly available RNAi technology (devel-
oped as genetically induced host resistance in GM plants or as a
sprayable pesticide product) for managing agricultural pests or
to directly control pests of honeybee colonies, such as the ravag-
ing Varroamites. dsRNA-expressing plants can be designed with a
high specificity to target particular genes expressed in a few
closely related species and may represent very selective tools for
pest control in agriculture.
The assessment report on pollinators, pollination and food pro-
duction10 notes that risk assessments required for the approval of
GM crops in most countries worldwide do not adequately address
the direct sublethal effects of insect-resistant crops or the indirect
effects of HT and insect-resistant crops. The EFSAGD considers both
these aspects. Sublethal measurement endpoints are routinely eval-
uated in the scientific opinions of the EFSA GMO panel concerning
cultivation dossiers.20 The issue of indirect effects due to changes in
agricultural practices are also specifically assessed via a scenario
analysis. We contend that the current safety assessment of GM
crops in the EU has proven to be effective in evaluating GM crops
with a first generation of inserted traits (i.e. Bt or HT GM crops)
and can be safely adopted for newly developed traits (e.g. RNAi).69
Experience from the USA has shown that large-scale and long-
term use of HT crops can change the patterns of herbicide use
and the adoption of different rotation schemes.70 Modelling stud-
ies have indicated that local conditions constitute themajor driver
in determining a possible harm to pollinators under a scenario of
reduced food availability. Further attention should be given to
estimate the possibility of indirect effects to pollinators due to
the impact of changes in agricultural practices linked to the adop-
tion of GM crops. From the regulatory point of view, this involves
the harmonization of different legislations, i.e. legislation on the
use of plant protection products and on GMOs.
From the spread of cases of loss of honeybee colonies in many
geographic areas, the primary lesson to be learnt is the need to
consider the complexity of the system and try to understand
interactions between different environmental stressors that are
most likely the cause of this adversity, which is threatening honey-
bee populations. Goulson et al.12 clarified that the combined
action of parasites, pesticides and lack of adequate flower
resources in fragmented habitats is the cause of the decline of
managed honeybee stocks. Regarding GM crops, reported cases
of pollinator decline cannot be directly linked to their cultivation,
since events of colony losses were reported in several areas of the
EU where they are not being cultivated. In this respect, field stud-
ies aimed at disentangling the role of single components involved
in undermining the health of bees under different local conditions
are necessary to increase our understanding of the system and
implement appropriate, science-based, management measures.
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Härtel and Steffan-Dewenter71 contend that future studies should
unveil the relationships between foraging landscapes and colony
development and mortality to support the preparation of agri-
environmental schemes, and guide pesticide applications and
the deployment of GM plants to assess important questions in
the context of ERA. This approach, however, goes beyond the
scope and possibilities of an ERA framed to the preparation of
requests for commercial approval of biotech products and high-
lights the need to generate ecological information from different
geographic areas. The engagement of the scientific community
has led to the launch by EFSA of amajor project to develop a holis-
tic approach to the risk assessment of multiple stressors in honey-
bees.72 Central to this initiative are the development of a model
for bee risk assessment and the creation of a Europe-wide data-
base where the outcomes of systematic monitoring activities
based on common protocols are expected to overcome the frag-
mented nature of available data. A model could solve the com-
plexity of the variety and number of interactions of factors when
determining the exposure to bee foragers in the landscape. A spa-
tially explicit honeybee model is available73 which integrates col-
ony dynamics, the population dynamics of the Varroa mite and
the epidemiology of Varroa-transmitted viruses. A prototype of
a new model (ApisRAM) was designed by EFSA to incorporate
input information to individual bees, including the communica-
tion between bees. These modelling approaches together with
ongoing territorial surveys will allow an increase in data availabil-
ity and harmonization to support better risk assessments and ulti-
mately improve bee health in Europe. It is advisable that large
research frameworks (e.g. Horizon Europe, New Green Deal) take
into consideration such an approach to increase available knowl-
edge to support the protection of an economically important and
ecologically relevant arthropod guild.
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